Concentrated poly(N-isopropylacrylamide) (pNIPAM) microgel suspensions at a fixed temperature below the deswelling transition of pNIPAM exhibit spontaneous particle deswelling. The microgels deswell before they are in direct contact and in polydisperse suspensions this deswelling is most pronounced for the largest microgel particles; as a consequence, the polydispersity of the suspension is reduced. Recently, we presented a model for this spontaneous deswelling that is based on the presence of counterions originating from charged groups on the surface of the pNIPAM microgels [A. Scotti et al., Proc. Natl. Acad. Sci. USA 113, 5576 (2016)]. Here we present numerical Poisson-Boltzmann calculations of the electrostatic potential and osmotic pressure inside and outside a pNIPAM microgel that could trigger the observed deswelling at high particle concentrations.
I. INTRODUCTION
Soft colloidal particles are not as well understood as hard incompressible colloids. In particular, this is the case for high particle concentrations, where the colloids are in close contact and their internal degrees of freedom (deformability and compressibility) become relevant. This is reflected in studies of the interaction and phase behavior of soft colloids in the recent literature. For example, the phase behavior of soft colloidal particles has been studied in Monte Carlo simulations using soft-sphere potentials [1] [2] [3] [4] ; these simulations find a freezing point at higher densities than in hard spheres, consistent with experiments [5, 6] . Furthermore, the Hertzian potential has been used to model the compressibility of soft microgel particles [7] [8] [9] , and interactions analogous to that of polymer brushes have also been proposed to model the contact interaction between the fuzzy outskirts of swollen microgels [10] [11] [12] .
Importantly, none of these interactions can account for the remarkable spontaneous deswelling behavior observed in concentrated suspensions of soft microgels that also enables changes in suspension polydispersity. This behavior, not generally observed in other materials, allows crystallization in samples that would otherwise remain in the fluid or glassy state due to polydispersity. It was first observed in mixtures of small and large microgels based on poly(Nisopropylacrylamide) (pNIPAM) [13] , where the large particles spontaneously deswelled, preventing the formation of the point defects that would otherwise hinder crystallization.
Recently, we presented a model for this selective deswelling at high concentrations [14] and showed that the freezing point of polydisperse and bidisperse pNIPAM suspensions is directly linked to particle deswelling [6] . Our findings suggest that the counterions associated with the charged groups at the periphery of pNIPAM microgels and the osmotic pressure they exert at high particle concentrations are the key to the deswelling behavior. Despite pNIPAM being an uncharged polymer, pNIPAM microgels often contain SO 3 − groups originating from ammonium persulfate [(NH 4 ) 2 S 2 O 8 ], a common initiator used in the synthesis of the particles; these SO 3 − groups reside at the ends of pNIPAM strands and are located at the periphery of the particles due to mutual electrostatic repulsion and mixing with the solvent [15] . The associated counterions are electrostatically bound to the charged groups forming a cloud that extends both inside and outside the particle. However, a charged sphere cannot bind all of its counterions and a fraction of them are able to overcome the attraction and wander far from the particle; this happens for entropic reasons and is due to thermal fluctuations. At low microgel volume fractions φ, this small fraction of counterions provides the most important contribution to the osmotic pressure of the suspension. In contrast, at high φ, the counterion clouds of neighboring particles overlap, increasing the counterion concentration in the space between the particles. When these overlap regions take most of the space between particles and percolate through the suspension volume, the previously bound counterions become free to explore the space between the particles, hence contributing to the osmotic pressure of the suspension which therefore increases. In our previous work [14] , we showed with simple Monte Carlo simulations that the osmotic pressure due to those counterions outside the particles is indeed higher than that inside the particles for φ 0.5. The counterion concentration inside the particles does not increase with φ, as the electrostatic conditions there are mostly unaffected provided the configuration of fixed charges in the particle periphery stays fixed. As a consequence, an osmotic pressure difference builds up between the inside and outside of the microgel particles as the concentration increases. It is this that is responsible for the spontaneous particle deswelling whenever is comparable to or exceeds the bulk modulus K of the particles [14] . At this point, the particles shrink until the elastic stress of the network restores mechanical equilibrium.
In this paper we adapt numerical Poisson-Boltzmann calculations originally applied to charged colloids [16] , to estimate the counterion distribution both inside and outside a charged spherical surface, which we take as a simple model representing the essential electrostatic features of pNIPAM microgels. We find that the resultant osmotic pressure difference between the inside and outside of the particles is consistent with the experimentally observed deswelling of pNIPAM microgels at high particle concentrations.
The paper is structured as follows. We start by reviewing the experiments and discuss both the microgel particles and the observed deswelling at high concentrations. We then present the Poisson-Boltzmann approach and restrict ourselves to the effects of the counterions. We consider the Wigner-Seitz cell for each microgel and calculate the osmotic pressure at its boundaries, which is related to the counterion concentration in that region, and at the particle center, which also relates to the counterion concentration there; the values of the osmotic pressure obtained in this way agree with those obtained in Monte Carlo simulations. The difference in these pressures qualitatively explains the observed deswelling at high microgel concentrations. We then consider the full free energy of Alexander et al. [16] and obtain how the inside osmotic pressure is modified due to the electrostatic energy inside the particle; this contribution, however, does not qualitatively change our conclusions. We emphasize that our results for the inside pressure rely on inflating a neutral impermeable sphere whose radius is subsequently taken to zero. We also explore the effects of salt and how it can eventually eliminate the effects of counterion-induced deswelling. We then summarize and suggest possible future directions to confirm our results and interpretations.
II. MICROGEL SUSPENSIONS
Microgels are cross-linked polymer networks suspended in a solvent. Depending on the temperature [17, 18] , the hydrostatic pressure [19] [20] [21] , or the pH of the suspension [22, 23] , they can exist in swollen or deswollen states and they can reversibly change from one to the other in response to changes in their environment. pNIPAM microgels are temperature sensitive with a lower critical solution temperature in water of T LCST ≈ 32
• C. They are swollen for T < T LCST and deswell for T > T LCST . In the deswollen state, they still contain a significant amount of solvent. The spontaneous deswelling at high concentrations, which is the focus of our work, happens at temperatures below T LCST where particles in dilute conditions are fully swollen.
We have studied pNIPAM microgels containing 2.7 wt. % of cross-linker N, N -methylene-bis(acrylamide) with hydrodynamic radii in the range from 110 to 190 nm. The details of the particle synthesis are described in the supporting information (SI) of our previous work [14] .
Because the cross-linker reacts faster than the NIPAM monomer during synthesis, the microgels have a core-shell structure, with a shell whose polymer density decays from the compact core towards the periphery [18, 24, 25] . Their structure is therefore modeled by a spherical core with radius R core and homogenous density that is convoluted with a Gaussian to obtain a shell with decreasing polymer density. This model is well accepted for pNIPAM microgels and correctly describes the measured form factors of our particles [14, 26] . The width of the fuzzy shell is given by 2σ , where σ is the standard deviation of the Gaussian convolution kernel. The polymer density is approximately constant up to a radius approximately equal to R core − 2σ and decays to nearly zero at R SANS = R core + 2σ .
Although pNIPAM is an uncharged polymer, the microgels contain SO 3 − groups that originate from the ammonium persulfate initiator used in the polymerization reaction. During polymerization, the sulfate splits into two SO 4 − groups, which react with carbon double bonds and attach to a carbon chain C n as SO 3 − -O-C n ·, where the dot at the end indicates the radical on the distal carbon. The SO 3 − groups remain on the ends of pNIPAM chains and have been found to be located in the particle periphery [15] . The corresponding counterions are ammonium ions from the initiator or Na + ions from the sodium dodecyl sulfate (SDS) used to control the particle size during synthesis [27] . We note that the SDS is removed with repeated dialysis after the synthesis. Most of the counterions are bound due to strong electrostatic attraction with the fixed SO 3 − groups and form a counterion cloud that can be considered to be part of the microgel particle.
The concentration of colloidal suspensions is often quantified with the volume fraction φ occupied by the colloidal particles. However, for soft and compressible microgels, the particle volume is not straightforward to determine, particularly at high concentrations, and therefore we use a generalized volume fraction ζ = N p V sw /V , where N p is the number of particles in the suspension, V is the total volume of the suspension, and V sw = 4π 3 R 3 sw is the fully swollen volume of one microgel, with R sw the radius obtained from dynamic light scattering measurements (see the SI of [14] and [28] ). In practice, ζ is calculated as
where c is the mass fraction of polymer in the suspension, ρ sol and ρ pNIPAM are the mass densities of the solvent and pNIPAM, respectively, and R coll is the particle radius in the fully collapsed state without any solvent in the particle. The latter is obtained from viscosimetry measurements with dilute suspensions (see the SI of [14] ). Recall that in these conditions, the microgels are fully swollen and ζ = φ. At high concentrations, the microgels deform, deswell, and/or interpenetrate and therefore ζ can be significantly larger than φ and can even exceed 1. In contrast, φ is always limited to values 1 and to 0.74 in the case of hard spheres.
III. PRIOR RESULTS: DESWELLING AT HIGH ζ
As presented in our previous work, the studied microgels exhibit mild interpenetration [14, 26] but deswell at FIG. 1. Plot of R SANS (+), R core (♦), and width of the fuzzy shell 2σ ( ) of the large particles in a bidisperse suspension versus ζ as obtained using SANS. The bidisperse suspension contains (2.9 ± 0.3)% large particles with swollen radius (176 ± 4) nm and a majority of small particles with radius (117 ± 7) nm. In the range 0.4 < ζ < 0.7, the scatter in the data is somewhat larger than the error bars. The latter are obtained from form factor fits carried out independently at each ζ , while the scatter originates from the independent measurements at different ζ . The origin of these two aspects of the data is thus distinct. The right Y axis shows the osmotic pressure • measured with the same suspension as used for SANS. Data are taken from our prior work [14] .
effective volume fractions below random close packing ζ < φ rcp ≈ 0.64 [6, 14] . This behavior is revealed with small-angle neutron scattering (SANS) measurements using contrast matching: A small fraction, (2.9 ± 0.3)%, of large microgels, with swollen radius R l = (176 ± 4) nm and that are fully hydrogenated, were suspended with a majority of small particles, with swollen radius R s = (117 ± 7) nm and that are partly deuterated and contrast matched with H 2 O/D 2 O solvent. This allows the direct measurement of the form factor of the hydrogenated particles. We followed the spontaneous particle deswelling with this bidisperse suspension to obtain direct measurements of the size of the large particles. The same kind of deswelling is however expected in monodisperse suspensions.
Our SANS data show a slight compression of the particles below random close packing ζ < φ rcp (see Fig. 1 ). The fuzzy shell is found to shrink first, while the core is only compressed for ζ 0.8. This can be understood from the fact that the polymer density decreases towards the particle periphery [18, 25] . Hence, the particle outskirts are expected to be the softest part of the particle and that is why it is compressed first.
We also found that the osmotic pressure is governed by the counterions [14] : At low volume fractions, most of the counterions are bound by the charged groups and form a cloud of counterions on the particle outskirts, extending both inside and outside the particle. The osmotic pressure of the suspension is set by the small fraction of counterions that are weakly bound to the particle and that are able to escape the attraction and explore the whole volume of the suspension. However, at high concentrations, the bound counterion clouds of neighboring particles overlap. This causes the counterion concentration to increase in the space between the particles, while the concentration inside the particles shows no marked increase with the concentration of the suspension. Above a critical concentration ζ * , we expect the osmotic pressure difference between the outside and inside of the particles to be comparable than the bulk modulus of the particles, causing the microgel particle to deswell until mechanical equilibrium is again reestablished. We thus expect the osmotic pressure difference between the outside and inside of the particles to cause the spontaneous deswelling at high concentrations.
From the amounts of NIPAM and ammonium persulfate used in the synthesis of the particles and from the measured particle sizes, we can estimate the number of SO 3 − groups on one particle, as presented in the SI of Ref. [14] . We estimate to have a charge of −68000e on the periphery of one microgel particle, where e is the elementary charge. Osmotic pressure measurements carried out with the suspensions used to study the deswelling of the large particles with SANS show an increase in osmotic pressure with ζ , as shown by the open circles in Fig. 1 . For ζ 0.8, (ζ ) can be approximated to the ideal gas expression = N free k B T ζ /V sw , where N free is the number of free counterions per particle. This approximation allows us to estimate N free , which we find corresponds to 8 × 10 3 free counterions per microgel [14] . As the number of free counterions per particle is much greater than 1, these free counterions determine the osmotic pressure of the microgel suspension in dilute conditions; note, however, that most counterions are bound to the microgel due to the electrostatic attraction with its fixed charges. For ζ 0.8, the measured (ζ ) is found to increase faster than linearly. This coincides with the beginning of the strong compression of the large microgels in the binary suspensions. We interpret this as a consequence of a strong overlap of the counterion clouds of neighboring particles, which strongly increases the number of counterions that can effectively unbind in these conditions and contribute to the osmotic pressure of the suspension.
Further, the bulk moduli of our microgels (see the SI of Ref. [14] ) are expected to decrease with particle size. This is due to the higher reactivity of the cross-linker during synthesis and the fact that the polymerization reaction is left to last longer for larger particles, which means that the cross-linker concentration decays more towards the periphery than for smaller particles, making their outskirts softer. As a consequence of this size-dependent softness, the large particles in the bidisperse suspension deswell before the small ones.
The deswelling due to the overlap of counterion clouds was directly followed with SANS in bidisperse suspensions. However, the same mechanism is at work in monodisperse suspensions, where all particles are expected to deswell in unison when the osmotic pressure due to the counterions becomes comparable to the particle bulk modulus.
IV. POISSON-BOLTZMANN CALCULATIONS
To understand the deswelling in more detail, we use Poisson-Boltzmann calculations to estimate the osmotic pressure given by the counterion cloud at a given ζ . As the counterions are much more mobile than the microgel particles, we assume the counterions find their equilibrium distribution before the microgels change their configuration in any significant way. Therefore, we consider the charged groups on the microgel surface to be fixed. We model a microgel particle as a sphere with a homogenous surface-charge density that is open for ions to move in and out of the particle through the charged surface. Note that microgels contain a large amount of solvent and therefore do indeed have an open structure. The counterions must arrange inside and outside the particle surface such that their charge distribution minimizes their free energy. With the assumption that correlations between counterions are not important, which implies that a mean-field approximation is valid, the equilibrium configuration is given by the Boltzmann factor ρ c (r) = ρ 0 exp[−βeψ (r)], where
−1 is the inverse thermal energy and ρ 0 is the counterion density in the region with vanishing electrostatic potential ψ (r). Therefore, the Boltzmann factor exp[−βeψ (r)] gives the ratio of the probabilities to find a counterion at distance r from the center of the particle and in the region with vanishing ψ (r). The charge density due to the fixed charges on the surface of the particle is −eρ f (r) = −Zeδ(r − R)/4π R 2 and gives the second contribution to the total charge density eρ(r) = e{ρ 0 exp[−βeψ (r)] − ρ f (r)}, where R is the particle radius and Z is the number of charged groups on the particle. The electrostatic potential ψ (r) is found using the PoissonBoltzmann equation
Following Alexander et al. [16] , we assume every microgel to sit in its Wigner-Seitz cell, which we approximate as a sphere with radius R c given by the volume fraction of the microgel suspension R c = Rφ −1/3 . Due to the spherical symmetry of the model, we use spherical coordinates and thus ψ = 1 r 2 ∂ r (r 2 ∂ r ψ ). The resulting equation can be solved numerically by iteratively calculating the total charge eQ(r) = 4π r 0 dr r 2 eρ(r ) inside the sphere with radius r, the electric field strength E (r), the electrostatic potential ψ (r), and the total density of unit charges ρ(r) = ρ c (r) − ρ f (r). The calculation starts at the edge of the cell at r = R c , where Q(R c ) = 0, E (R c ) = 0, and ρ(R c ) = ρ c (R c ) = ρ 0 , with ρ c (r) the counterion density. The calculation proceeds towards r = 0 using the equations
Using Eqs. (3), we obtain the number of charges inside the sphere with radius r from the number of charges in the larger sphere with radius r + dr. The quantities E (r), ψ (r), and ρ(r) are then calculated at the reduced radius r. Note that this procedure does indeed give a solution of the Poisson-Boltzmann equation. For the calculation of E (r), we use Gauss's law: For a spherically symmetric arrangement of charges, the E field at distance r from the center is given by the total charge in the sphere with radius r and equals the field of the total charge concentrated in the center. This guarantees that the Poisson equation for the spherically symmetric problem − ψ (r) = ∂ r E (r) = eρ(r)/ 0 r is fulfilled. Further, ρ c (r) is calculated using the Boltzmann factor. Also note that the fixed charges are located at r = R and therefore have to be taken into account when r is reduced from r > R to r < R. At this point, Q(r) is reduced by the number of fixed charges Z.
We also use the boundary condition dψ dr (R c ) = 0, as the total charge inside the Wigner-Seitz cell equals zero and, as a consequence, the E field at r = R c vanishes. We can also require that ψ (R c ) = 0, which we indeed do, as the potential can be varied with an arbitrary constant.
The only free parameter in the iterative calculation is the counterion density at the edge of the cell ρ c (R c ) = ρ 0 . The calculation is started with an estimation for ρ 0 . Whether that ρ 0 gives the solution is checked at the end of each round by calculating the total mobile charges 4π
, which must equal the number of fixed charges Z due to charge neutrality. If this condition is not fulfilled within the desired accuracy, ρ 0 is corrected and the next round is started. By solving the Poisson-Boltzmann problem, we thus fix ρ 0 , the potential ψ (r), and the counterion density ρ c (r).
The calculated electrostatic potential for three volume fractions of the suspension is shown in Fig. 2(a) . The potential ψ (0) in the center of the particle increases relative to ψ (R c ) = 0 at the boundary of the cell, as φ increases from 0.05 to 0.5. While ψ (0) is lower than ψ (R c ) for φ = 0.05, it is higher for φ = 0.5. This behavior is reflected by the counterion density shown in Fig. 2(b) . In dilute conditions (e.g., φ = 0.05), the counterion density inside the particle is larger than that at the edge of the cell. However, the situation is reversed at high concentrations (e.g., φ = 0.5) and this reversal is a consequence of the proximity of neighboring particles causing the counterion clouds to overlap in the space between particles. We note that the counterion density has its maximum at r = R, where the electrostatic energy of a counterion eψ (r) is minimal. Also, the counterion density inside the particle is virtually independent of φ. This is expected, as the environment of the counterions inside the particle remains almost unaffected by a change in the available space outside the particle with a change in φ. Also note that, in contrast to the counterion density, ψ (r) shows a large change for r < R as φ is varied from 0.05 to 0.5. This is a consequence of our boundary condition ψ (R c ) = 0.
The Poisson-Boltzmann calculation treats the counterion cloud in a mean-field approximation that is expected to break down when correlations between counterions become important. This would occur first at the minimum of ψ (r), where the concentration of counterions is highest [see Figs. 2(a) and 2(b)]. We use our Monte Carlo simulations of the counterion cloud presented in the SI of Ref. [14] to estimate this effect. The simulations assume Z = 7 × 10 4 mobile counterions with charge e that arrange around a smooth spherical surface charge −Ze at R = 130 nm. The counterions are confined to a spherical Wigner-Seitz cell and are treated as hard spheres with radius 0.01l B , where l B ≈ 0.7 nm is the Bjerrum length in water at T ≈ 20
• C. The counterions are virtually pointlike, as their radius is much smaller than l B . We take the counterion positions in a thin spherical shell of thickness given by the Bjerrum length around the particle radius r = R and calculate the pair distribution function g(s), where s is the distance from an ion within the thin spherical shell to a neighboring ion also located in the shell. The results for φ = 0.05, 0.25, and 0.5 are shown in Fig. 3 . The Coulomb repulsion of the counterions is apparent from the correlation hole, which has an approximate width of 2 nm. The structure of the counterion cloud appears to be gaslike, as g(s) approaches a constant value without showing the peaks that would indicate the presence of shells of nearest-or higher-order-neighbor correlations and that would reflect the existence of local-range order. The correlation hole has the size expected from the nearest-neighbor distance following from the peak value of ρ c (r) shown in Fig. 2(b) :
1/3 ≈ 2.7 nm. These results confirm the validity of the Poisson-Boltzmann approach.
V. OSMOTIC PRESSURE
The osmotic pressure due to the counterions is obtained as the partial derivative of the Helmholtz free energy with respect to the volume of the Wigner-Seitz cell with T and Z fixed: We first use a simplified free energy that includes the mobile counterions but neglects the fixed charge on the surface of the microgel: F = −k B T ln Z, with Z the configurational integral of the counterions inside the Wigner-Seitz cell. The kinetic energy of the ions is omitted, as it contributes a mean energy 3 2 Zk B T , which is constant as long as T and Z are fixed. Since the Poisson-Boltzmann equation follows from a meanfield approach, correlations between counterions are assumed negligible and each counterion is thought to experience the same environment, with the presence of other ions entering only via ψ (r). Therefore, the configurational integral can be written as Z = z Z , where
is the configurational integral of a single counterion. Thus,
Note that this procedure is analogous to that followed in developing the van der Waals model of a fluid, which is also a mean-field theory assuming equivalent environments for all molecules in the fluid and that also neglects correlations between the molecules; the many-particle configurational integral of the van der Waals model is therefore also written as the product of the configurational integrals of single molecules.
With this, we obtain the osmotic pressure
where we have used the first fundamental theorem of integral calculus. The osmotic pressure of the suspension then only depends on temperature and the counterion density at the edge of the Wigner-Seitz cell, where E (R c ) = 0. At this location, the counterions are thus free, hence determining . We emphasize that the mean-field approach gives the same result as a more fundamental treatment of the problem taking all the electrostatic interactions of the mobile ions and the fixed charged surface into account without relying on the mean-field approximation of the Poisson-Boltzmann theory [29, 30] . To estimate the osmotic pressure due to the counterions inside the particle i , we again only consider the free energy due to the counterions and fix the cell radius R c but think of a small spherical volume with radius in the center of the particle that is enclosed by a semipermeable membrane, which is open for the solvent but does not let the ions through; this is a usual setting to calculate an osmotic pressure. Therefore, no mobile ions are allowed in this small volume. This implies that the integration range for the configurational integral starts at the hard-sphere radius :
The osmotic pressure in the particle center is then obtained from the derivative of the free energy with respect to this excluded volume, taking the limit → 0 subsequently:
Similarly to the osmotic pressure outside the particle, the osmotic pressure inside the particle is given by the density of free counterions at r = 0, where E (0) = 0 due to the spherical symmetry. The osmotic pressure outside (pluses) and our estimate for the pressure inside (asterisks) a microgel particle are shown in Fig. 4 , where we also show the measured osmotic pressure (open circles) for comparison. The mean-field approximation used to calculate this i also gives the same result as the more fundamental approach presented in the Appendix.
To confirm our results, we also use Monte Carlo simulations and obtain the osmotic pressure through the well-known relation [31] 
where r i is the position of counterion i and f i is the total force acting on this ion, which includes the force due to the other counterions and the force due to the fixed charge:
We estimate i by averaging over all counterions within 0 r < 0.5R in Eq. (8) . This is done for ten time steps of the simulation after it has reached the equilibrium state. One simulation was performed for each volume fraction φ. The values of i are comparable to those obtained using Eq. (7), as shown in Table I . This indicates that our calculation using Eq. (7) is reasonable.
We emphasize that our simplified free energy only considers the counterions and neglects the electrostatic contribution due to the fixed surface charge. We will however see in Sec. VII that including this contribution does not qualitatively change the results. In addition, it is worth emphasizing that our result for the inside osmotic pressure relies on deflating a neutral impermeable sphere in a sea of charged counterions. While this approach is certainly valid for obtaining the pressure of neutral gases and liquids, it may require further assessment for charged systems. The agreement with the Monte Carlo simulation results, however, suggests that it may nevertheless be a reasonable approximation. However, additional theoretical work, maybe based on the approach presented in [32] , is needed to more rigorously calculate i .
VI. COMPARISON WITH EXPERIMENTAL RESULTS
In Fig. 4 we plot the calculated osmotic pressure [Eqs. (6) and (7)] and the results from osmometry. For small ζ , TABLE I. Inside osmotic pressures obtained for R = 130 nm and Z = 70 000. Calculations are done using Eq. (7). Equation (8) is used to obtain pressures from Monte Carlo simulations. For each simulation, pressures calculated from ten time steps taken after the simulation has reached the equilibrium state are averaged and the errors reflect the variation of these ten pressures. calculation (pluses) and measurement (circles) are comparable. With increasing ζ , the measured osmotic pressure does not increase as fast as the calculated osmotic pressure. This reflects particle deswelling and the additional volume the free counterions have available due to the reduced particle size. We use the data shown in Fig. 4 to estimate the actual volume fraction φ for a given ζ . We do this by mapping the calculated osmotic pressure in the outside of the particles onto the experimental measurements. For instance, we obtain that the suspension at ζ = 1.05 with osmotic pressure = 4.8 ± 0.2 kPa corresponds to an actual volume fraction φ ≈ 0.62 (see the dashed line in Fig. 4) . Remarkably, the random close packing limit φ rcp is not reached at ζ = 1.05, the highest concentration we used in our osmometry measurements. This confirms that particle deswelling happens in the absence of direct interactions between the microgels.
From the φ(ζ ) estimates, we calculate the actual ζ -dependent particle radius as R sc (ζ ) = [φ(ζ )/ζ ] 1/3 R sw , where the subindex sc indicates the corrected swollen radius. To compare this calculated deswollen radius with measurements, we plot the ratio R/R coll in Fig. 5 , where R is either the calculated radius R sc (ζ ) or a measured radius R(ζ ) obtained using SANS and R coll is the radius in the collapsed state. We find that the calculated ratio (squares) is close to the measured ratios for the deswelling of large particles in a suspension with a (97.1 ± 0.3)% majority of small particles (triangles) and for the deswelling of small particles in a suspension with (84 ± 3)% of large particles (diamonds). Therefore, our model for the pressure-induced deswelling at high concentrations appears to qualitatively capture the deswelling mechanism. This agreement is obtained with the rather simple model presented above for the solution of the Poisson-Boltzmann equation and without taking any details of the microgel structure into account. The only particle property enabling deswelling is the particle bulk modulus; if it is too large, deswelling might be hindered.
To more realistically model pNIPAM microgels, we consider that the fixed charges are smeared out around a spherical shell with radius R. This accounts for the SO 3 − groups being fixed to the ends of pNIPAM chains, which are cross-linked to other chains. The charged ends of the chains are expected to be located near the periphery of the particle [15] , and we use a Gaussian distribution centered at R to account for this. This broader distribution of the fixed charges reduces the depth of the minimum in ψ (r) compared to the simpler model presented above, as shown in Fig. 6(a) . As a consequence, the counterions are somewhat more spread out and the osmotic pressure is slightly increased, as can be seen from the counterion densities shown in Fig. 6(b) . Due to the higher osmotic pressure, the deswelling at high concentrations is slightly stronger with a broader distribution of the fixed charges at the microgel periphery. This is shown by the open circles in Fig. 5 , which show R/R coll for spread-out fixed charges and appear below the open squares representing the case with all fixed charges on a spherical surface. However, this effect is small, indicating that the approximation with all fixed charges located on a thin spherical shell is reasonable.
As shown by the pluses and asterisks in Fig. 4 , the osmotic pressure of the microgel suspension is expected to exceed the osmotic pressure inside the microgel particles for φ 0.24. This osmotic pressure difference suggests that the softest part of a microgel particle, the fuzzy corona, might deswell before a strong overlap of the counterion clouds is reached and the particle shows pronounced deswelling. This is observed in Fig. 1 , where the fuzzy shell of the microgels seems to decrease from 2σ ≈ 55 nm at ζ = 0.23 to 2σ ≈ 49 nm at ζ = 0.64, while the core of the particle essentially retains its size.
Since the swelling of a microgel is given by the balance of the osmotic pressures inside and outside the particle [33] , we can estimate the bulk modulus from the calculated and measured osmotic pressures. As the first signs of deswelling are found at ζ ≈ 0.23 in our SANS measurements and as the calculated osmotic pressure outside the particles starts to exceed the osmotic pressure inside the particles at about the same ζ (Fig. 4) , we estimate the bulk modulus of the fully swollen microgel to be given by our calculated osmotic pressure at ζ = 0.23: K sw ≈ 300 Pa. This value is in good agreement with the Young's modulus of swollen pNIPAM particles determined using atomic force microscopy [34] . The bulk modulus of the core is obtained from the osmotic pressure at ζ ≈ 0.8, where the core starts to be compressed. We find K core = (2.5 ± 0.2) kPa. Comparing with the literature, bulk moduli on the same order of magnitude have been reported for pNIPAM-based microgels at high concentrations or in the deswollen state [34, 35] .
VII. OSMOTIC PRESSURE INCLUDING COUNTERIONS AND FIXED CHARGE
Here we use the free energy F = U − T S [16] , where U is the total electrostatic energy
and S = −Zk B d 3 r p(r) ln p(r) is the entropy due to the mobile counterions, with p(r) = 1 z e −βeψ (r) the normalized probability density to find a counterion at distance r from the center and z the configurational integral of a single counterion given in Eq. (5). Writing the entropy as
the free energy becomes
where we have used the counterion density ρ c (r) = Z z e −βeψ (r) = ρ 0 e −βeψ (r) . We take ρ 0 to be constant, as in Ref. [16] , and equal to the value obtained by self-consistently solving the Poisson-Boltzmann equation (see Sec. IV).
To obtain the outside osmotic pressure due to the counterions we vary the volume of the spherical Wigner-Seitz cell by considering small changes of the cell radius R c ,
where we have used that ψ (R c ) = 0. We obtain the same result as with the simplified free energy used in Sec. V, which did not include the electrostatic energy.
To estimate the osmotic pressure inside the charged spherical surface, we again consider a small spherical volume with radius located at the center that is not allowed to contain counterions, as done in Sec. V. Due to the hard repulsion of counterions at r = , there are no charges for r < . The free energy now becomes
Here we keep the counterion density ρ 0 e −βeψ (r) and the potential ψ (r) fixed and as obtained by solving the PoissonBoltzmann equation. We now estimate the inside osmotic pressure by calculating how F varies with :
This result differs from Eq. (7); it has an additional contribution related to the product ψ (0)ρ(0). As a result, i now varies with volume fraction, as shown by the asterisks in Fig. 7 . The result remains qualitatively the same as when we only considered the role of the counterions: The difference in osmotic pressure between the outside and inside of the particle remains negative for low particle concentrations, favoring particle swelling, and positive for high particle concentrations, favoring deswelling. In addition, the values obtained at low φ are comparable to those obtained experimentally. However, more rigorous calculations of i , which do not rely on our proposal of deflating an inside sphere, would be desirable to confirm the validity of our simple calculations.
VIII. EFFECT OF SALT
The importance of the counterions in our model for deswelling suggests that the addition of salt could have a strong influence. Since the microgel structure is open for ions, salt ions are expected to explore the outside and inside of the microgel. Therefore, the presence of salt at a concentration similar to or larger than the average counterion concentration is expected to decrease the osmotic pressure difference between the inside and the outside of the particles [36, 37] .
The Poisson-Boltzmann equation including monovalent salt ions can be solved with a procedure analogous to that outlined in Sec. IV. The right-hand side of Eq. (2) changes due to the presence of salt ions
where ρ + (r) and ρ − (r) are the densities of ions with charges e and −e, respectively, and the constants ρ + and ρ − are the corresponding densities at r = R c . The iterative solution of the Poisson-Boltzmann equation also applies for the case with salt. However, both ρ + and ρ − need to be adjusted to find the solution and the condition for charge neutrality changes to 4π Poisson-Boltzmann calculations with salt confirm the leveling effect of the salt, as can be seen in Fig. 8(a) , where ψ inside the particle progressively approaches the value ψ (R c ) = 0 as S increases. This is also reflected by the total ion density ρ + (r) + ρ − (r), shown in Fig. 8(b) , where the rather low salt concentration corresponding to S = 10 3 is found to reduce the osmotic pressure difference between the outside and inside of the particle by approximately 35% according to our simple model for the inside osmotic pressure [Eq. (7)]. Further, we find that a salt concentration approximately equal to 1 mM corresponding to S = 10 4 is sufficient to essentially eliminate the osmotic pressure difference for the Z value used in our calculations, corresponding to 3Z/(4π R 3 c N A ) ≈ 6.3 mM with Avogadro's number N A . Therefore, sufficient added salt could suppress the particle deswelling triggered by the overlap of counterion clouds. In this case, the microgels are expected not to deswell until they come into direct contact. Consequently, their direct interaction is expected to determine their deswelling behavior at high concentrations.
A size-dependent shrinking in bidisperse microgel suspensions could however be observed even in the presence of salt, since the fuzzy corona contains less cross-linker than the core and is therefore the softest part of the microgel particle. Furthermore, larger particles are typically softer than smaller ones, if they are synthesized with the same cross-linker concentration: The synthesis of large microgels is continued longer than for smaller but otherwise identical microgels. This implies that the cross-linker density in the corona of large particles has decayed more than in small particles, further implying that the larger the microgel, the softer the polymer network in its periphery. Whether deswelling is triggered by the osmotic pressure difference between the inside and outside of the particles or due to direct interaction, the largest and softest particles are expected to deswell first and show the most pronounced deswelling. A change in polydispersity is therefore expected in either case. Experimental work with charged microgels addressing the swelling behavior with added salt and at high concentrations is thus desirable.
IX. CONCLUSION
Counterions originating from charged groups due to ionic initiators employed in the polymerization reaction of pNIPAM have been found to cause deswelling of pNIPAM microgels at volume fractions below random close packing. This deswelling also reduces the polydispersity of the suspension, as large particles are usually softer and therefore deswell more than smaller ones. Using Poisson-Boltzmann calculations for the counterion clouds and a simple model for the osmotic pressure, we have found that the pressure due to the counterions can explain the observed particle deswelling at high concentrations. Our calculation of the inside osmotic pressure, however, relies on deflating an inside neutral sphere impermeable to the counterions. More rigorous calculations would be desirable to fully assess the validity of our treatment. Within these considerations, our simplified model captures the most important aspects of the spontaneous deswelling process observed experimentally. As completely uncharged pNIPAM microgels are hard to synthesize, our model is expected to apply for most microgels based on pNIPAM without additional charges added to the polymer network. Furthermore, our deswelling mechanism can be expected to also apply to other microgels with an uncharged polymer network but synthesized with an ionic initiator in the absence of significant added salt.
APPENDIX: MORE RIGOROUS CALCULATION OF THE OSMOTIC PRESSURE INSIDE A CHARGED SPHERICAL SURFACE WHEN ONLY CONSIDERING THE CONTRIBUTION OF THE COUNTERIONS TO THE FREE ENERGY
We consider a spherical cell containing a fixed charge surface density at r = R representing a charged particle and Z mobile ions. The system is assumed to be charge neutral and all the Coulomb interactions between the ions and between the ions and the charged surface are considered. In addition, the ions are assumed to repel each other like hard spheres. The interaction between the ions i and j carrying z i and z j unit charges and having radii R i and R j , respectively, is
and the interaction of the ions with the charged surface with radius R is
Here −Ze is the total charge on the surface of the particle and e i z i = Ze due to charge neutrality. With these interactions, we can write the Hamiltonian as H = i u p,i + i< j u i, j , where we ignore the kinetic energy, as it amounts to a constant average energy. The configurational integral of the N ions is given by
with the upper integration limit R c corresponding to the radius of the spherical Wigner-Seitz cell containing the charged particle and the counterions and d i = sin θ i dθ i dφ i for the integration of the spherical surface areas at r = r i .
To calculate the osmotic pressure in the center of the charged particle, we think of a small spherical volume with radius in the center of the particle that is enclosed by a semipermeable membrane, which is open for the solvent but does not let the ions pass. Therefore, no mobile ions are allowed in this small volume. As a consequence, it has a zero osmotic pressure inside and does not have a Coulomb interaction with any charges, as it is uncharged. However, it has a hard-sphere repulsion with the ions u ,i = ∞, r i < 0, r i .
Due to the infinite repulsion at r = , the r i integrals of the ions now run from to R c and the configurational integral depends on :
Note that the Hamiltonian H in the integrand is not affected by the presence of the excluded region at r < and that only the integration range changes since the excluded sphere in the center is uncharged. This differs from the treatment of a similar problem in Ref. [30] , where the radius of a charged excluded spherical volume is varied and not the radius of an uncharged counterpart.
To calculate the pressure inside the particle, we vary the volume by changing the radius , where the minus sign appears due to the differentiation with respect to the lower integration limit and the δ function fixes the radial distance of one ion at r i = . In the last step, we have used that all ions are equivalent and therefore give the same contribution. Due to the radial symmetry of the microgel, the ion density is also radially symmetric. As a consequence, the exact position of the ion fixed on the spherical shell at r = does not matter and the ion density only depends on the radial distance r and not on the angles θ and φ giving the position of the fixed ion on that spherical shell. For this reason, the result of the integrations is always the same, irrespective of θ 1 and φ 1 . Therefore, the 1 integral simply contributes a factor 4π , while the r 1 integral gives 2 due to the δ function. We obtain → k B T ρ(0). In the last step, we take the limit → 0, as the excluded volume in the center of the particle has an arbitrarily small radius .
This more detailed treatment of the osmotic pressure inside the particle agrees with the result obtained with the mean-field approach of the Poisson-Boltzmann theory [Eq. (7)] and it shows that i indeed only depends on the ion density in the center of the particle and the temperature when only the contribution due to the counterions is taken into account for the free energy F .
